Abstract. The increasing road networks threaten ecosystems by direct effects such as increased mortality due to collision with vehicles and by various indirect effects leading to road avoidance. We censused Tawny Owls Strix aluco and Little Owls Athene noctua in 2005, 2007 and 2009 in a rural landscape in Southern Portugal in order to study the effects of roads and habitat characteristics on Tawny Owl density and Little Owl presence. The presence of both owl species in the 70 census locations was coherent among years. Our results showed that Tawny Owl density near major roads was lower, with the negative effects extending possibly up to 2 km. The probability of Little Owl presence was also negatively affected by the proximity to major roads. The negative effects of roads were significant even considering habitat preferences and spatial autocorrelation, which had the most marked effect on the density or presence of both owls. The reduced occupancy by Tawny Owls and Little Owls of habitats near major roads may be caused by several factors, including increased mortality, disturbance caused by high traffic density, and increased fragmentation. Traffic noise in particular may affect intra-specific communication and hunting efficiency. Consequently, habitat near roads may represent lower-quality territories for owls.
INTRODUCTION
The vast and continuously increasing road networks of modern societies have been revealing huge detrimental effects on natural patterns and processes of landscapes, which often operate in a synergistic way, ultimately leading to the destruction of wildlife habitats in a broad sense (Forman & Alexander 1998 , Spellerberg 1998 , Trombulak & Frissell 2000 . Vehicle-caused mortality of wildlife is one of the most visible direct negative effects of roads, being the main cause of non-natural mortality for millions of birds every year (Erritzoe et al. 2003 , Kociolek et al. 2011 ). Rare and endangered species can be particularly sensitive, since road mortality rates sometimes exceeds population input from reproduction and immigration (Forman & Alexander 1998 , Trombulak & Frissell 2000 . But it has been assumed that some indirect effects of roads may have a greater effect on population persistence than vehicle-caused mortality (Forman & Alexander 1998 , Reijnen & Foppen 2006 . Major roads, characterized by high traffic, are mostly responsible for pronounced habitat fragmentation, creating a barrier effect capable of isolating wildlife populations into smaller metapopulations, and reducing connectivity (Forman & Alexander 1998 , Lodé 2000 . The consequent lower rates of genetic interchange among populations can cause the decrease of genetic diversity and other demographic problems that in many cases reduce ecosystem biodiversity and integrity (Forman & Alexander 1998 , Trombulak & Frissel 2000 , Holderegger & Di Giulio 2010 .
However, traffic noise is considered to have the greatest negative indirect effect on birds (Reijnen et al. 1995 , Kociolek et al. 2011 , but see Summers et al. 2011 ), reducing population density in several bird species (Patricelli & Blickley 2006 , Reijnen & Foppen 2006 , Barber et al. 2010 , Goodwin & Shriver 2011 . Traffic noise increases with vehicle speed and type, and also traffic intensity, being greater in major roads and highways (Reijnen et al. 1995) . Altogether the negative indirect effects of traffic noise, fragmentation, artificial light and increased edge density seem to contribute to a widespread pattern of road avoidance in birds that can be far more detrimental for populations than direct mortality itself (Forman & Alexander 1998 , Benítez-López et al. 2010 , Kociolek et al. 2011 . Birds seem to avoid the proximity of main roads in both woodland and agricultural areas (van der Zande et al. 1980 , Reijnen et al. 1995 , Peris & Pescador 2004 . The distance to where the effects of reduced density are felt can change according to species, habitat and traffic density. For example, the effects varied from 40 to 2800 m in a community of woodland birds (Reijnen et al. 1995) , and from 20 to 3530 m in grassland birds (Reijnen et al. 1996) . Forest fragments in an agricultural matrix up to 2 km away from a highway had less forest species (Brotons & Herrando 2001) .
The recognition of roads as a major threat to biodiversity has triggered, in the last decades, an intensive study of their effects on vertebrate species, and owls (order Strigiformes) are no exception to this. Collision with vehicles is a frequent cause of non-natural mortality in owls, and has long been recognized as a potentially important conservation problem affecting these predators (e.g. Hernandez 1988 , Illner 1992 , Massemin & Zorn 1998 , Fajardo 2001 . Despite the large amount of studies focusing road mortality in owls, information about the effects of roads on owl populations is still scarce. In particular, the long-term impacts of disturbance and mortality associated to road traffic on the distribution and density of owl populations have been poorly studied (Fahrig & Rytwinski 2009 ). While some authors have suggested that owls use road verges as hunting grounds (Bourquin 1983 , de Bruijn 1994 , Massemin & Zorn 1998 , others found that owls avoid the proximity of major roads (Sousa et al. 2010) .
In Southern Portugal, the Little Owl Athene noctua, and the Tawny Owl Strix aluco are two of the most common nocturnal bird species, the first 48 C. Silva et al. preferring open agricultural habitats (e.g. croplands, olive groves), while the latter is more abundant in woodlands (Equipa Atlas 2008) . Both species are frequent victims of collision with vehicles (Silva et al. 2008) . In this context, the main goal of our study was to verify the possible negative effects of roads on the spatial distribution of two owl species, the Little Owl, and the Tawny Owl. Accordingly, we hypothesized that, considering habitat preferences, owl presence and density will be negatively affected by roads and especially by major roads with high traffic density.
METHODS

Study area
This study was carried out in southern Portugal (08°04'W, 38°37'N). The study area has 364 km 2 and is partially included in the EU Natura 2000 network (Monfurado Site of Communitary Importance PTCON0031). The climate is characterized by hot and dry summers and mild winters, and the total annual rainfall varies from 500 to 800 mm (Rivas-Martinez 1981) . Landscape is dominated by vast plains where main land uses are cork oak (Quercus suber) and holm oak (Q. rotundifolia) woodlands (52%) and croplands (39%). The remaining land uses are orchards, vineyards and olive groves (3%), forest plantations (Eucalyptus spp. and maritime pine Pinus pinaster; 1%), intensive agricultural areas (1%) and urban areas (1%).
The study area is crossed by 143 km of paved roads, including 25 km of highway (AE6), 57 km of major roads with high traffic density, and 61 km of minor roads with low traffic density. To classify roads in major and minor we used average traffic volume data for all-year round information during the 8h night period, collected in 2005 by the Portuguese Governmental Road Company (Estradas de Portugal E.P.E., unpublished data). As major roads we considered those classified as national roads, which in our study area had the following traffic volumes: N4 -493 vehicles/8h; N114A -881 vehicles/8h; N114B -1680 vehicles/8h; N370 -439 vehicles/8h. As minor roads we considered those classified as municipal roads, which all had less than 168 vehicles/8h. Census was performed by teams of two observers, which were different in the three years (5 observers). The spatial distribution of census locations covered uniformly the study area in each year, although somewhat constrained by existing accesses and the permits of the owners of private estates. All census locations were separated by at least 1200 m. Surveys began at dusk and were carried out continuously during four hours, avoiding unfavourable weather conditions such as rain and strong winds. The methodology was focused on the Tawny Owl and Little Owl, and we employed the playback of vocalizations (Johnson et al. 1981 , Zuberogoitia et al. 2010 ) following the sequence: 1 min to listen to spontaneous calls, 4 min broadcasting Little Owl calls, 5 min to listen to replies, 4 min broadcasting Tawny Owl calls, and 10 minutes to listen for replies. For every individual owl calling we recorded distance, direction and sex, in order to determine the number of territories. Based on previous field-information of our ability to accurately detect calls, we defined a buffer with 600 m radius centred on the broadcasting location, and only considered the individuals that we estimated as being within it. All individuals beyond 600 m (representing 2% of all records) were discarded to minimize errors in estimating abundance. For each census location we obtained the density of Tawny Owls and Little Owls, as the number of territorial pairs detected inside the buffer. But since for the Little Owl we had very few census locations with more than one territorial pair, we decided to use the species' presence instead of its density. On the other side, for the Tawny Owl we had few locations in which this species was absent, representing an unbalanced sample for a presence/absence analysis.
Owl censuses
Road and habitat variables
We considered seven variables to explain the density of Tawny Owls and the presence of Little Owls. The 600 m buffer around the census location was used to calculate some of the covariates. The possible effects of roads were studied using two variables: "road presence and type" for which we considered three classes: 0 -no roads inside the buffer; 1 -buffer crossed by a road with low traffic density (minor roads); 2 -buffer crossed by a road with high traffic density (major roads and highways); and "distance from the census location to the nearest road with high traffic load" (DRHT). For information on traffic volumes in minor and major roads see the chapter "Study area". We used five variables describing habitat characteristics within the 600 m buffer. Four of them were related with land uses: percentage of open woodland (less than 30% of tree cover), percentage of dense woodland (more than 30% of tree cover), percentage of cropland, presence/ absence of olive groves and vineyards (binomial variable, since as a percentage it was not normally distributed). The final variable was related with landscape metrics: Landscape Shannon Diversity Index (LSDI). Land uses were determined by GIS mapping and classification (1:10000 scale) of digital aerial photos (2003, Associação de Municípios do Distrito de Évora), with field correction. All variables were determined using ESRI GIS software: ArcView GIS 3.2, ArcGIS 9.2, Spatial Analyst 1.1, Patch Analyst 3.0. We applied a square root transformation to the variable "percentage of open woodland", and log-transformed the variable DRHT.
Statistical analysis
We used Generalised Linear Mixed Models (GLMM; Zuur et al. 2009 ) to analyse the effects of road and habitat variables on the number of Tawny Owl territories (Poisson distribution for count data) and on the presence of Little Owl (binomial distribution). We considered two random effects: (1) census locations, which were visited in different years (repeated measures); and (2) year, as we were not interested in analysing inter-annual variations and wanted to account for possible observer effects. To account for the possible effect of autocorrelation we computed an auto-covariate for each model following Augustin et al. (1996) and Dormann et al. (2007) . The variables "percentage of dense woodland" and "percentage of cropland" showed strong collinearity (|r| > 0.7). Thus, considering the habitat preferences of each owl species, we used the percentage of dense woodland in the Tawny Owl model and the percentage of cropland in the Little Owl model. We tested all interactions among covariates, but none was significant. All models were fit by the Laplace approximation (Bolker et al. 2008 ). Since our main aim was testing the effects of major roads we used a hypothesis testing approach to select the best model, by a backward stepwise procedure (Bolker et al. 2008 , Zuur et al. 2009 ). Models were validated by checking if residuals showed no trends and were not correlated with fitted values (Zuur et al. 2009 ). In addition, we used a Kruskal-Wallis test to analyse the and (b) with larger distances from major roads (Fig. 1) .
The model explaining Little Owl occurrence included three variables -percentage of cropland, DRHT and the auto-covariate (Table 3) . According with the results, Little Owl presence was positively related with the proportion of areas occupied by croplands and arable lands, and by larger distances to major roads (Fig. 2) . The autocovariate was positively correlated with Little Owl presence, indicating a neighbourhood effect, resulting from a heterogeneous spatial distribution of open habitats in the study area.
The number of Tawny Owl breeding pairs was significantly different in the three classes of distance from major roads (Kruskal-Wallis test: χ 2 = 21.837, df = 2, p < 0.001), indicating a possible negative effect on owl density up to distances of 2 km from major roads (Fig. 3) .
DISCUSSION
Our results show that both Tawny Owls and Little Owls are less abundant or more frequently absent 50 C. Silva et al. variance of Tawny Owl breeding pairs in three classes of distance to major roads: 1 -closer than 1 km; 2 -between 1-2 km; 3 -further than 2 km. All statistical analyses were performed using the software R 2.11.0 (R Development Core Team 2010), with the packages lme4 (Bates & Maechler 2010) , and spdep (Bivand 2010) .
RESULTS
We registered the presence of Tawny The model explaining Tawny Owl density included two variables -percentage of dense woodland and distance from the census location to the nearest road with high traffic load (DRHT) ( Table 2 ). In agreement we concluded that Tawny Owl density increased both: (a) in areas with a higher proportion covered by dense woodland; regularly passing vehicles may contribute to reduce hunting efficiency. Another perspective is that major roads may fragment patches of favourable habitat into smaller ones, unsuitable to hold the home range of these two owl species. Finally, major roads can work as ecological traps, increasing the mortality rate of the holders of territories near them (Silva et al. 2008 , Gomes et al. 2009 , Sousa et al. 2010 , and thus decreasing the occupancy rate of those territories. Our results show that Tawny Owls and Little Owls prefer to in the proximity of roads with high traffic density (major roads and highways). The negative effect of major roads was marked, even considering in the same models the habitat effects, which as expected were the main factors determining Little Owl presence and Tawny Owl abundance. This spatial pattern of owl presence and abundance near major roads may be explained within the frame of road avoidance behaviour, similar to what has been found in several bird species (e.g. Reijnen et al. 1995 Reijnen et al. , 1996 . Traffic noise is considered to be the strongest factor responsible for road avoidance in birds (Forman & Alexander 1998 , Kociolek et al. 2011 . Since owls depend strongly on their hearing for hunting and for intra-specific communication, they may be particularly sensitive to high levels of noise. In noisy environments owls are also dependent on their vision to successfully catch their prey (Martin 1990 ), therefore it is expected that near major roads the headlights of Fig. 1 . Relationship between Tawny Owl density (number of breeding pairs) and distance to major roads, fitted with a LOESS curve (local polynomial regression). occupy habitat patches sufficiently far from major roads, which is consistent with all the potential negative road effects previously described. The adverse effects on Tawny Owl density may be observed up to distances of 2 km from major roads, which seems further than the area affect by vehicle-noise, which may suggest that noise could not be the main cause of this negative relationship (Summers et al. 2011) . The distance-effect we observed for Tawny Owls is somewhat similar to those found for several other bird species, which are often larger than 1 km (van der Zande et al. 1980 , Reijnen et al. 1995 , Benítez-López et al. 2010 . Concluding, the quality of a priori suitable habitat patches for the establishment of Little Owl and Tawny Owl territories can be seriously compromised by the proximity of major roads. Our findings converge with those of published studies showing the negative effects of paved roads on habitat selection in several owl species (e.g. Martínez et al. 2003 , Martínez & Zuberogoitia 2004 , Zabala et al. 2006 , Moreno-Mateos et al. 2011 .
The fact that minor roads had no effect on the presence or the density of the two owl species suggests that it is not the physical presence of a road what determines road avoidance but instead the traffic density. Although minor roads might have smaller negative effects on owl density, their role in increasing non-natural mortality must not be ignored.
But can roads be attractive habitats to owls? In an agricultural matrix, road verges often represent a suitable habitat for the establishment of small mammals (Santos et al. 2007 , Sabino-Marques & Mira 2011 . In addition, the frequent presence of perches, such as fences and telephone poles, can facilitate owl hunting activity. Nevertheless, in a trade-off between the possible advantage of high prey abundance near roads and the disadvantages of traffic disturbance and mortality risk, these latter may have a stronger influence on the distribution of Tawny Owls and Little Owls, in a similar way to what has been found for Barn Owls Tyto alba (Sousa et al. 2010) . Reduced hunting efficiency caused by traffic noise and vehicle headlights may limit the access to prey, even if its abundance is high. Thus, habitats near major roads may represent lower-quality territories for owls, and accordingly, they should be occupied mainly by lower-quality individuals. These habitats may also correspond to dispersal or settlement areas for floaters since these may fulfil an important condition, which is the avoidance of established territorial pairs (Overskaug et al. 1999 , Aebischer et al. 2005 . If this is so, vehicle-collisions should affect mainly immature individuals, a pattern that has been registered in studies focusing road mortality (Hernandez 1988 , and also observed in our study area (A. Mira & colleagues, unpublished data) . In this sense, some habitats near major roads may represent ecological traps for owl species, and in particular to floaters.
In conclusion, several factors may concur to reduce the occupancy by owls of habitats near major roads, including higher road mortality, noise and light disturbance, and increased fragmentation, but their particular effects are not yet disentangled.
Ecological and conservation implications
The road network and traffic volume are continuously increasing, and our study, along with previous ones, stresses the existence of a distance-effect of major roads on bird species, that needs to be necessarily accounted for in planning new or modifying the existing roads (Reijnen et al. 1997 , Benítez-López et al. 2010 . Safeguarding bird populations from the negative effects of major roads requires the establishment of buffer areas, whose size depends on the species present. Adequate planning by Strategic Environmental Assessment or during Environmental Impact Assessment procedure is frequently the most efficiency and most economic measure to reduce the impact of major roads on birds and wildlife in general.
Traffic noise is pointed as one the most important causes of bird density reduction near roads (Reijnen & Foppen 2006) . If this would be so for owls, its negative effect could be mitigated by placing barriers to block noise propagation along major roads (Jacobson 2005) . Since this measure has significant costs, its implementation must always be supported by scientific evidence, and it should occur in priority areas holding important owl assemblages. However, our results do not enable us to draw any strong conclusion about the effect of traffic noise on owls, and recently this negative effect has not been supported in diurnal birds (Summers et al. 2011) . Noise barriers can have an additional advantage of reducing bird mortality by collision with vehicles by forcing birds to fly over passing vehicles (Pons 2000) , but this measure should always consider possible barrier effects on other animals, and must be applied along with under-or over-passes for wildlife. In highways it is also possible to install barriers along medians (Jacobson 2005) . Using low-noise road surfaces can represent a less expensive alternative measure to reduce traffic noise (Parris & Schneider 2008) , but not entirely effective if mortality is the main mechanism causing reduced owl occupancy near roads (Summers et al. 2011) . Decreasing traffic volume and the speed of vehicles in critical areas can reduce both noise effects and mortality rates (Jacobson 2005 , Parris & Schneider 2008 .
